In the present paper, different particle sizes of lead sulfide (PbS) nanoparticles with a cubic structure were successfully prepared using a microwave irradiation method from lead acetate [(CH 3 COO) 2 Pb.3H 2 O] and thioacetamide (CH 3 CSNH 2 ) as the starting materials. Ethylene glycol (C 2 H 6 O 2 ), distilled water (H 2 O), ethylene alcohol (C 2 H 5 OH) and isopropanol (C 3 H 8 O) were used as solvents and a 650W oven operating at 20% of the nominal power in the period of 10 min was employed. The effect of the microwave irradiation time was investigated by varying the irradiation time from 10 to 50 minutes respectively. The resulting nanoparticles in different sizes were characterized using X-ray diffraction, Transmission electron microscopy (TEM) and UV-Vis absorption spectroscopy. The crystallite sizes were calculated from the broadening of the XRD peak using Scherrer's equation. The results showed that the increased intensity of the XRD peak and the dipole moment of the solvents being decreased corresponded with the reduction in particle sizes. The TEM results indicated that the samples consisted of separated, well-defined spherical particles and showed a small distribution size. As can be seen from the UV-vis spectrum, the band gap energy of each sample had increased and showed a characteristic blue shift due to the quantum confinement in their optical absorption. The mechanism that influenced the solvents and irradiation time for the formation of the PbS nanoparticles were discussed. .
INTRODUCTION
Nanoparticles with different particles sizes and morphology may open new opportunities for exploring their physical and chemical properties, and immense efforts have been devoted to controlling the nanoparticles of materials in terms of size, shape, and dimension. Recently, the focus of research has been on semiconductor nanoparticles due to their outstanding electronic and optical properties and extensive application potential in various devices including light-emitting diodes [1] , single electron transistors [2] , field-effect thin-film transistors [3] and electrochemical nanosensors [4] . Different forms of nanoparticles with different sizes and compositions of semiconductor have been used for constructing electrochemical sensors and biosensors, and these nanoparticles play significant roles in different electrochemical sensing systems [5, 6] . The significant functions provided by nanoparticles such as immobilization of biomolecules, the catalysis of electrochemical reactions, the enhancement of electron transfer between electrode surfaces and proteins, labeling of biomolecules and even acting as reactant [7] .
Fundamentally, the electronic and optical properties of semiconductor nanoparticles are tunable by varying their shapes and sizes [8] . One of the desired goals in nanoparticles research is to realize precise control of the particle size and morphology of the materials. Semiconductor nanoparticles possess various unique properties which vary from those of corresponding bulk materials due to the three-dimensional confinement of electrons and holes in a small volume or the fact that the number of atoms on the surface is more comparable to that inside the particles [9, 10] . The surface of nanoparticles is more relevant than the bulk as regards to its properties, as nanoparticles have a larger surface-to-volume ratios. Weaker forces bind surface atoms because of the missing neighbours, which lead to high surface reactivity. The surface is the stage on which chemical reaction, sublimation, adsorption, and disruption occur. Due to that, there has been considerable interest in developing semiconductor nanoparticles [11] [12] [13] . Nanoparticles can be prepared in the form of dispersed colloids or trapped and stabilized within micelles [14] , polymers [15] , zeolites [16] , or glass [17] . In some cases, nanoparticles prepared by these techniques have poorly surfaced exterior and a relatively broad size distribution. Microwave irradiation is a heating process that is extensively quick, uncomplicated and efficient in energy; it is relatively advanced and is generally used in various research fields [18] .
It is generally known that dielectric heating is generated due to the interaction of dielectric materials, liquid or solid with microwave. Electric dipoles present in the dielectric substances respond to the applied electric field. In polar solvents, this permanent reorientation causes friction between the entire molecules, which finally generate heat. The claimed effects of microwave irradiation consist of thermal and non-thermal effects [19] . Recently, organic solvents including formaldehyde [20] ,benzene, tetrahydrofuran, triethylene tetraamine [21] , ethylenediamine [22, 23] , have been introduced into the preparation of metal chalcogenides. As a result of the different properties of the organic solvents including viscosity, polarity, and softness, various synthetic environments could be observed, which would affect the solubility and carrier behaviour of the precursors. As a result, they influence the surface morphology and size of the final products [24] . Presently, only a few pieces of literature have been reported on the microwave irradiation synthesis of PbS nanocrystals in various solvents. Qiao et al. (2015) reported the preparation of nanocrystalline PbS in ethanol by employing gamma-radiation method [25] .
The use of microwave irradiation in numerous fields of research has experienced very rapid growth because of particular reaction effects, including rapid volumetric heating and the indirect dramatic increase in the reaction rates. PbS semiconductors have been used in various applications such as light-emitting diodes, infrared detectors, optic fibers, infrared lasers, window coatings, and solar energy panels [26] . This large panel of applications is due to its interesting physical properties such as Bohr exciton radius (18nm), small effective electron and hole masses, a large optical dielectric constant and an infrared direct band gap in the bulk state (0.41 eV at 298 K), which corresponds to an absorption onset at 3024 nm [27] . In the near-infrared, PbS has a good photoconductive property. In this work, the effect of solvents and time of irradiation in the formation of PbS nanoparticles sizes will be investigated. This attempt can be studied by seeing the optical and structural properties of the synthesized materials. In addition to that, the final results will also be related to the potential applications of electrochemical and photoelectrochemical studies. 
EXPERIMENTAL

Materials and instruments
Lead
Synthesis
In a typical synthesis, 0.01g of lead acetate was added into a glass beaker of 500 ml containing 40 ml of aqueous sulfur solution (ethylene glycol (EG) and thioacetamide) and magnetically stirred at 500 rpm for 30 min so as for obtaining a homogeneous solution. The beakers were placed in a high power microwave oven (650 W, 2.45 GHz) operated using a pulse regime with 20% power. The reactions were carried out at 10 min irradiation time. The precipitates were centrifuged (3500 rpm, 5 min) and washed with deionized water repeatedly. The dark brown products were obtained and dried in a vacuum oven at 60 . The same procedure was repeated using distilled water (H 2 O), ethylene alcohol (EtOH) and isopropanol (ISO), respectively. Thus, the samples are named based on solvents used; PbS-EG, PbS-H 2 O, PbS-EtOH, and PbS-ISO, respectively. For the investigation of the effect of irradiation time on nanoparticles sizes, the same procedure was applied with varying the irradiation time from 10,15,45 and 50 min with ethylene alcohol as a solvent, this solvent is proposed due to its intermediate dipole moment among the solvents.
The final products were characterized by X-ray diffraction (XRD) at a scanning rate of 5 o /min in the 2θ range 20-70
• using a Philips X-ray diffractometer (7602 EA Almelo) with Cu Kα radiation (λ = 0.1542 nm). The particle size and size distribution were determined from the transmission electron microscopy (TEM) micrographs (HITACHI H-7100 TEM). The TEM characterization was carried out at 100 keV. The optical properties of PbS nanoparticles were characterized using UV-visible absorption spectroscopy (UV-1650PC SHIMADZU). Figure 1 represents the schematic of the formation of PbS nanoparticles. 
RESULTS AND DISCUSSION
The Formation process of PbS nanoparticles
During the process, microwave irradiations provided the energy for the decomposition by accelerating the nucleation of the nanoparticles and depressing the growth of the new form of PbS nuclei due to the collisions that the molecules created and the intense friction. The reaction process for forming the PbS nanoparticles in ethylene glycol (EG) and the other solvents depended on the degree of temperature which decomposes thioacetamide and releases ions homogeneously. This promotes the rate of nucleation and growth of PbS nanoparticles, according to the following chemical reactions:
Equation (1) represents that the decomposition of thioacetamide (CH 3 CSNH 2 ) using microwave heating. and would be formed. Further, reacts with to create PbS nanoparticle. Equation (2) shows the result. In these samples, the plane is the most intense peak, which indicates the preferential growth of the crystals in this particular direction. The average crystal sizes were calculated based on the width of the peak due to the planes by using the Scherrer's formula [28] :
Influence of Solvents on particle sizes
Where λ is the wavelength of X-ray used, is the full width at half maximum (FWHM) and is the Bragg's angle of reflection. The average crystallites sizes (Table 1 ) calculated from Equation imply that the crystallites size of the nanoparticles decreases with the increasing dipole moment of the solvents which corresponds with the increases of XRD peaks broadening (FWHM). Fig 3 shows the TEM images of the particle sizes, particle distribution and the homogeneity of the nanoparticles. The results also show that the images are in spherical form and distributed homogeneously. Table 2 provides the TEM result, respectively.
Based on the UV-vis absorption study, the optical band gap of the nanoparticles are estimated to correspond to the transition from the valence bands to the conduction bands using the following equation:
Where is the absorption coefficient, A is a constant related to the material properties, represents the energy of a photon, is the optical band gap and equals 1 for a direct transition. Figure 4 shows the UV-vis absorbance spectrum of the samples. The two peaks are observed, the lower peak is observed at around 250 nm, and the higher is observed at around 550 nm. Both the peaks can be assigned to the exciton transitions. The energy intercept of a plot of   The band gap energy of the PbS-EG nanoparticles is calculated to be 2.53 eV, which is greater than 0.41 eV (bulk PbS). Among the four samples, the PbS synthesized in ethylene glycol (PbS-EG) obtains the smallest particle size with higher band gap energy. Table 2 presents the band gap energy of each sample respectively. The dependence of the energy of electron transitions between the quantized levels of the valance and conduction bands on the particle size is used to estimate the particle size. Such transition is often called excitonic because an electron-hole pair generated by light absorption is similar to the Wannier-Mott exciton in a bulk crystal. The decrease in particle size, as well as the increase in band gap energy of the as-prepared nanoparticles, signify the size quantization effects [30] . Size quantization of the charges in a small volume crystallite is well known for forming the blue shift. Furthermore, the energy of the band gap of the as-prepared samples increases with the increase in dipole moment of the solvent which corresponds with the decrease in particle size.
To explain the role of solvents in the formation of different particle sizes of PbS nanoparticles, several experimental controls were carried out. In dealing with polar solvents with microwave irradiation synthesis, high and uniform heating could be provided, and the temperature gradients can be avoided, providing a uniform environment for the nucleation of nanoparticles [31] . This result confirmed that the behaviour of the polar solvent under the influence of irradiation from microwave has a close relationship with its polarity; the increasing absorption ability of microwave energy resulted from increasing polarity [18] . Besides the temperature and the compositions of the material, the dielectric properties of the solvents play a significant role in the nucleation of the nanoparticles.
The dielectric constant of the material represents its ability to be polarized due to the external electric field [32] . The dielectric constant and the dipole moment are strongly correlated since the dielectric constant is a function of the dipole moment of the molecule. Moreover, a solvent with a high dielectric constant tends to stabilize the ions [33] . Hence, the microwave absorptive ability could be judged by the criteria of the dipole moment. These results indicated that the PbS nanoparticles with a smaller size of about 34.8 nm were obtained in ethylene glycol as it has the best dispersion condition. Moreover, due to the higher dipole moment of Ethylene glycol solvent, the rapid heating under the microwave irradiation accelerates the nucleation of PbS nanoparticles. However, in isopropanol, PbS nanoparticles did not show such good dispersion, and the particle size of about 56.7 nm was obtained. The low dipole moment of isopropanol solvent plays a role in the formation of the large-sized nanoparticles. Therefore, ethylene glycol with a high permanent dipole is an excellent solvent to be used in a microwave irradiation synthesis. as the cell volume.
Influence of Microwave Irradiation time
The crystallite sizes of the nanoparticles were obtained using Scherrer's equation, and the estimated particle sizes are listed in Table 3 . The results show that the broadening peaks (FWHM) at a shorter irradiation time are larger than at a longer irradiation time. This broadness explains the mean crystallite sizes of the samples. Figure 7 . The UV-vis absorbance spectrum of PbS nanoparticles prepared by microwave irradiation method in different irradiation time. Figure 7 shows the UV-vis absorption spectra of PbS nanoparticles synthesized using the microwave irradiation method in different irradiation time. The products also indicate the two peaks with strong absorptions. Both the two peaks can also be assigned to the exciton transitions from the samples.
The energy band gap of PbS nanoparticles can be evaluated from the UV-vis spectra using Tauc plot of versus and the extrapolating from the linear line portion of the curves to the energies axis. Figure 8 shows the Tauc plots of the samples.
The blue shift of the absorption edge in comparison to the bulk PbS clearly explains the quantum conferment effect of the PbS nanoparticles. The band gap energy of each sample is listed in Table 4 , as shown in this table; the estimated band gap reduces with the increase in the irradiation time.
The result from Table 4 shows that the band gap energy decreases with the increase in the irradiation time; this is related to the particle sizes of the samples. The smaller the particle size, the larger the band gap of the samples due to the quantum conferment effect of the samples. This result clearly shows that a longer irradiation time influences Ostwald ripening due to its effect on the interfacial energy, growth rate coefficients, and solubility which can increase the particle size. The microwave quantum energy is much less than the ionization energies of the compounds. This energy can act as non-ionizing radiation that causes the molecular motions of the ions and the rotation of the dipoles but it does not affect the molecular structure.
Analytical Applications
As can be seen from the x-ray diffraction patterns of PbS nanoparticles (Fig 2 and Fig 6) , different nanoparticles sizes of 34.8, 39.2, 46.5 and 56.7 nm were synthesized. These results confirmed that each particle size will have different electronic structures and separations of energy level. In addition, the ability of nanoparticles to react, depends on particle sizes. Nanocrystals of semiconductor also acquired considerable attentions in the area of both electrochemical and photoelectrochemical biosensors [34, 35] . In photoelectochemical analysis, semiconductor nanomaterials possessed properties for its potential applications in photoelectric biosensors [36] . The pairs of electron-hole were generated in the valence band and the conduction-band with irradiation from the light energy directly to the semiconductor nanomaterials. The excitation of these charge carries within the nanomaterials and substrate could improve redox processes on the electrode [37] . The high surface-tovolume ratio and size-dependent electronic properties of semiconductor nanoparticles also provide an intriguing and useful entity in the research fields. These properties from various nanoparticle sizes and structures can yield different catalytic activities [38, 39] . When a nanoparticles exhibits electrocatalytic activity against the reaction of interest collides with the electrode, it catalyzes the reaction and resulted in a large current increase. The particle sizes of the nanoparticles are exactly related to the increase in current, allowing nanoparticles size representation. In electrocatalytic analysis, nanoparticles are considered as a whole, with abundant nanoparticles disable on an electrode [40] . In this manner, nanoelectrodes facilitate electrochemical analysis to be transported at time scales and in media unfeasible accepting larger electrodes. Another critical outcome of scaling down electrode size is that radial diffusion is the effective form of mass transport to the surface of the nanoelectrode. Therefore, for the application purpose, these nanoparticles sizes may offer a simple and efficient approach to make up different PbS based electrochemical and photoelectrochemical biosensors.
CONCLUSION
Lead sulfide (PbS) nanoparticles with different particle sizes have been successfully synthesized using various solvents under microwave irradiation method using CH 3 (COO) 2 Pb.3H 2 O and CH 3 CSNH 2 as the starting materials. The experimental results show that the solvent property could affect the crystal structure of the final products. The formation mechanism of the PbS nanoparticles can be proposed. The research also shows that the particle sizes of the products increase as the irradiation time decreases. The microwave irradiation method is confirmed to be simple and efficient as well as environmentally friendly. This access may also apply to other materials.
